Strip velocity measurements of gated X-ray imagers are presented using an ultra-short pulse laser. Obtaining timeresolved X-ray images of inertial confinement fusion shots presents a difficult challenge. One diagnostic developed to address this challenge is the gated X-ray imagers. The gated X-ray detectors (GXDs) developed by Lawrence Livermore National Laboratory and Los Alamos National Laboratory use a microchannel plate (MCP) coated with a gold strip line, which serves as a photocathode. GXDs are used with an array of pinholes, which image onto various parts of the GXD image plane. As the pulse sweeps over the strip lines, it creates a time history of the event with consecutive images. In order to accurately interpret the timing of the images obtained using the GXDs, it is necessary to measure the propagation of the pulse over the strip line. The strip velocity was measured using a short pulse laser with a pulse duration of approximately 1-2 ps. The 200nm light from the laser is used to illuminate the GXD MCP. The laser pulse is split and a retroreflective mirror is used to delay one of the legs. By adjusting the distance to the mirror, one leg is temporally delayed compared to the reference leg. The retroreflective setup is calibrated using a streak camera with a 1 ns full sweep. Resolution of 0.5 mm is accomplished to achieve a temporal resolution of ~5 ps on the GXD strip line.
INTRODUCTION
Time-resolved imaging is extremely important for understanding a variety of dynamic experiments. [1] [2] [3] Often, diagnostics utilize streak cameras, or other temporally resolved diagnostic are used to obtain temporal resolution. However, information such as symmetry cannot be obtained from streak camera images. 4 Typically, spatially resolving diagnostics have not been temporally resolving, and instead take time-integrated images.
Gated X-ray imagers, also called gated X-ray detectors (GXDs), have been developed and used to obtain simultaneous temporal and spatial resolution. [5] [6] These diagnostics utilize gated microchannel plates (MCPs). These MCPs are gated by sending a pulse across conducting strips coated as microstrips onto the surface of the MCP. The pulse creates the necessary electric field to "activate" the MCP, thus providing the gating. Since the pulse width is less than its transit time across the MCP surface, it can provide temporal resolution. Spatial resolution is obtained using pinhole arrays, which image the target onto small regions of the MCP. For the brief period in which the electrical pulse is traversing the regions illuminated by the pinhole, the GXD obtains a snapshot of the event. By placing pinholes at successive locations along the MCP, a time history can be obtained.
In order to understand the results of the temporal and spatial resolution, it is necessary to know the velocity of the pulse on the surface of the MCP. Although standard techniques such as time domain reflectometry can provide global velocity resolution, it cannot typically provide velocity resolution as a function of position. This is important because minor imperfections in the coatings can affect the impedance and velocity of the pulse. It is much more preferable to directly measure the velocity of the pulse on the strip.
EXPERIMENTAL SETUP
The strip velocity across the microstrips on the MCP was measured using a high-instensity, short-pulse laser. Due to system jitter, the laser pulse is split into a reference leg and a delay leg using a 50% beam splitter. The system jitter on the laser is approximately 25 ps, and the system jitter of the GXD is approximately 15 ps. By dividing the beam into a reference leg and a delay leg, the speed of the pulse can be calculate based on the difference between the arrival time at the image plane of the two laser legs. Since the two legs are generated from the same pulse using a beam splitter, the difference in arrival time at the image plane is strictly a function of the path lengths of the two legs.
As stated above, the initial pulse is split into a reference leg and a delay leg using a 50% beam splitter. The delay leg is sent into a retroreflecting (RR) mirror. This RR mirror is mounted on a 2-D translation stage with 10µm resolution. One dimension increases the travel distance of the delay leg, delaying its arrival at the image plane. The other dimension is to adjust the lateral translation of the beam at the image plane to correspond with the pulse propagation on the GXD MCP. Fixed mirrors are used to bring the delay leg parallel to the reference leg. (See Fig. 1 ) Figure 1 : Schematic of the test fixture used for strip velocity measurements. The incident laser beam is split with a beam splitter, and one leg is passed into a retroreflective mirror configuration mounted on a 2D translation stage. This allows us to temporally delay one leg by increasing the path length that the beam travels.
There are several advantages to using a RR mirror setup, such as the one in Fig. 1 . It is easy to show that the reflections from a 90° mirror return in the same direction as the incident beam, shifted slightly in space. However, it can also be shown that the path lengths traveled by beams incident on an RR mirror remains unchanged, even if the beams are not incident on the mirror at 45°. This is important because it shows that no temporal delay is introduced by a lateral translation of the beam, assuming that the translation is perpendicular to the incident beam. Fig. 2 ) By tracing out two beam paths, it can be shown that they form isosceles triangles with the mirror, and all beam paths are the same length. To show that the path length is unaffected even when the mirror is not aligned at 45°, it is only necessary to show that the path of an arbitrary beam is equal in length to a beam that impacts at the apex. (See Fig. 3 ) A beam incident at the apex has path length = 2 . To confirm that the path length is unchanged, it is necessary to show that + = 2 . From the figure, it can be seen that:
Substituting equation (7) into equation (6) and rearranging gives = ( ) .
Using equation (2), the total path length can be written as
Substituting equations (3), (5), and (8) into equation (4) gives
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Solving for b gives
Substituting equation (11) into equation (9) gives
Expanding equation (12) using trigonometric identities and cancelling terms gives + = 2 .
Since this length of an arbitrary incident beam is equal to the path length of a beam incident at the apex, all path lengths are equal.
VALIDATION OF THE MEASUREMENT FIXTURE
In order to use the strip velocity measurement fixture, it was necessary to validate the fixture using a streak camera with a 1.5 ns sweep speed. The reference leg and the delay leg were both imaged onto the streak camera input slit, approximately 1 cm apart. The spatial difference was fixed for the streak camera test because the entire input slit is imaged during the streak, whereas during GXD operation, only a small segment of the strip is activated at a given moment.
The delay leg was varied in time during successive shots. As the temporal position of the delay leg was changed, the difference in the relative positions of the two legs changed. Fig. 4 is a sample image of the streak camera. Fig. 5 shows lineouts over successive shots, where the CCD images of the streak camera was summed over the spatial direction. As can be seen, the temporal position of the delay leg shifts in successive shots. Fig. 6 shows the images summed over the temporal direction. As can be seen, the spatial position of the beam does not move. When the fixture is used with the GXD, it is necessary to adjust the spatial position as the temporal delay is modified. Note that the temporal coverage of the delay leg is limited by the physical dimensions of the mirrors used in the fixture, which limits the total temporal range to approximately 300 ps. 
MEASUREMENTS OF THE STRIP VELOCITY ON A GATED IMAGER
The imaging surface of a gated imager is the gold-coated region of the microchannel plate (MCP). (See Fig. 7 ) Electrons created in this region are carried down the pores of the MCP by an electric field, impacting the walls. Since the walls are either made from, or coated by, a secondary electron emitter, the impacts multiply the electrons. As the electrons leave the MCP, they impact a phosphor, which lights up in the visible spectrum. This emission is detected with a CCD camera. The electron multiplication inside the MCP only occurs when there is an electric field in the MCP. This electric field is generated by the electric pulse across the MCP strips (the back of the MCP is held at ground). As the pulse travels across the MCP surface, the "active region" of the MCP, the region of the MCP that is multiplying electrons to form an image, moves with it.
To measure the speed of the pulse across the strip, the fixture is used to illuminate the GXD at two different times. (See Fig. 8 ) The delay leg is moved temporally. Successive shots are taken as the beam was moved spatially across the surface of the MCP. The delay was increased, and the spatial movement was repeated. One difficulty in measuring the strip velocity using the individual beams is the width of the pulse. This can present a problem when combined with system jitter. If the amplitude of the reference beam remains unchanged because it is in a flat-top region, the amplitude of the delay leg could change either because of the spatial/temporal position, or because of jitter in the pulsers inside the GXD.
In order to mitigate this problem, a diffuser was placed into the path of the delay beam. This spread the beam out to cover the entire strip. This illumination presents a "snapshot" of the pulse traveling across the strip. (See Fig. 9 ) This snapshot is fit with a Gaussian curve to determine the location of the pulse. The delay is increased and another snapshot is taken. Figure 10: Gaussian fit peak locations of the delay leg vs. fixture delay setting. The upward trend with increasing delay can be seen easily. Error bars are shown every fifth point to illustrate the uncertainty magnitude. Uncertainties are calculated only from the standard deviation of the peak location from multiple shots at each setting. The large discontinuity in the image is the result of systematic changes in laser-GXD timing. (e.g. which pulse the seed laser lets through to the amplifier) This may also be responsible for the unexpected decrease in peak location near a fixture delay of 7 mm.
STRIP VELOCITY ANAYLSIS
A discontinuity in the data of Fig. 10 can be seen between delay settings of 15.00 and 15.50 mm. This discontinuity correlates with the date the shot was taken. Shots less than a delay of 15.50 mm were taken on one day, and shots with delays greater than 15.50 mm were taken on a different day. The discontinuity is due to timing issues between the laser and the diagnostic, and are unrelated to the velocity of the pulse across the strip.
The CCD camera image covers approximately two inches (50.8 mm) in space (the length of the strip on the MCP). The distance covered by each pixel of the camera is = = .
= 12.1 .
The time delay, Δt, created by the delay leg is 3.3 ps per 0.5 mm move. From this, we can calculate the velocity of the pulse by comparing peak location at each delay. If the distance between two successive peaks (in pixels) is Δx, then the velocity is given by = × ∆ ∆ . Fig. 11 shows the median-smoothed velocity of the pulse on the strip at each delay leg setting. The velocity as a function of the pixel location is shown in Fig. 12 . The large gap in pixel location of the peak is due to the discontinuity in Fig. 10 discussed above. Note that the point between 15.00 and 15.55 mm is intentionally omitted in both plots due to the reasons stated above. Although the omitted point is unphysical, its presence only affects the velocity calculations at that location, and does not affect velocity calculations at points above or below the discontinuity. Also, note that the negative velocities are also unphysical. These values result from a combination of low signal, which makes uncertainty in the Gaussian peak location, and high jitter, which can exceed the change in time caused by moving the delay leg. Averaging over all points gives a mean velocity of 1.68 × 10 m/s. : Velocity as a function of the peak location (in pixels). This plot is median-smoothed over 11 points to smooth out large variations due to jitter. The discontinuity point is omitted. The velocity across the surface of the MCP appears to be very uniform, though it is impossible to determine from this data if there are any microscopic perturbations that alter the velocity.
Beam Splrcr Dnizcer
The velocity of the pulse across the GXD strip was measured to be approximately 1.68 × 10 m/s. System and laser jitters makes it extremely difficult to accurately measure the velocity of the pulse at individual points across the strip. This is compounded by systematic issues which can arise between data sets, although this only affects the velocity measurements between the two limiting locations. Each individual data set provides consistent velocity measurements. Further, taking a large number of shots at each setting may not significantly improve the measurement uncertainty because it is limited by the jitter. For example, if the standard deviation of the system time due to jitter is 12.5 ps, then the peak location standard deviation will be at least 125 pixels. This can lead to significant variations and uncertainties in the velocity measurements, since each 0.5 mm step is expected to shift the peak location by only 45 pixels. (3.3 ps at 1.68 × 10 m/s).
One possible way to mitigate the uncertainty in system jitter is to pass the reference beam into a diffuser as well as the delay beam. (see Fig 13) Since the reference beam travels a fixed distance, using the peak of the reference beam as a time reference would eliminate laser and GXD system jitter. However, it would be difficult to fit both the reference peak and the delay peak to Gaussian curves independently, particularly when the delay peak is positioned to significantly overlap the reference curve While this system should improve the measurement when the delay leg is temporally separated from the reference leg, it would likely cause increased uncertainty in the overall measurement.
Figure 13: Proposed modified fixture for measuring strip velocity. Using only one beam splitter, both the reference beam and the delay beam are imaged through the diffuser. This allows two snapshots of the pulse to eliminate laser jitter and system jitter. However, when the tow pulses arrive at approximately the same time, it may be impossible to distinguish them to make velocity measurements.
